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Abstract
With no conclusive signal till date of the minimal supersymmetric and extra dimensional models
at the Large Hadron Collider (LHC), the issue of fine-tuning of the Higgs mass still calls for some
attention. It could be very possible that the observed Higgs boson of mass 125 GeV has its origin
in a non-supersymmetric extended scalar sector, and, it still has properties strikingly similar to
the Standard Model Higgs. In such cases, however, one relies upon possible cancellations in the
quadratic divergence of the Higgs mass to uphold naturalness. In this work, we have investigated
this possibility in context of some two Higgs doublet and three Higgs doublet scenarios.
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I. INTRODUCTION
The performance of the Standard Model (SM) in describing the fundamental interactions
up to a certain scale being excellent, it is still believed to be an effective theory above
which new physics (NP) takes over. Besides the other reasons like non-existence of suitable
dark matter candidate, vanishing neutrino mass, Baryon asymmetry etc. the "Fine-tuning
problem" of Higgs mass is one of the major contributors behind this belief.
Absence of any particular symmetry protecting the scalar masses like the gauge symmetry
and the chiral symmetry, that protect the masses of the gauge bosons and fermions respec-
tively, leads to quadratically-divergent self-energy corrections to the masses of the scalars.
One of the conventional approaches to yield a finite scalar mass out of a large radiative
correction is to engineer a huge cancellation between the bare mass term and the radiative
correction term, i.e. to "fine-tune” these two terms accordingly by the virtue of some known
symmetry. The approach adopted by us to ensure the finite mass of the scalar would be in
the reverse way. We shall assume that by virtue of some yet-to-be discovered symmetry, it
is possible to make the coefficient of the quadratically divergent correction exactly zero or
negligible. This condition was named after Veltman who first proposed it, and is termed as
"Veltman condition" [1]. The SM scalar potential
V (Φ) = −µ2Φ†Φ + λ(Φ†Φ)2 (1)
leads to the quadratically divergent correction to the Higgs self-energy at one-loop as
δm2h =
Λ2
16pi2
(
6λ+
3
4
g21 +
9
4
g22 − 6g2t
)
. (2)
where g1, g2 are the U(1)Y and SU(2)L gauge couplings and gt is the top quark Yukawa
coupling. λ and Λ are Higgs self-coupling and cutoff scale respectively. The coefficient of Λ2
16pi2
in Eq.(2) is termed as Veltman coefficient. The strict implementation of Veltman condition
for the Higgs boson in SM leads to
V Ch =
(
6λ+
3
4
g21 +
9
4
g22 − 6g2t
)
= 0 . (3)
Thus the Veltman condition for the Higgs boson is far from being satisfied in SM, because it
needs Higgs mass mh ≈ 316 GeV. If one fixes the couplings in Eq.(3) at electroweak (EW)
scale, owing to the large negative contribution from top loop, the Veltman coefficient V Ch
2
becomes negative instead of zero. This shortcoming of SM can be circumvented by extending
the scalar sector of SM with additional singlet(s) [2–4], with more than one doublet [5, 6], or
with triplets [7]. There are plenty of studies available which employ this bottom-up approach
to yield the finite scalar mass [8–11]. Besides taking care of the quadratic divergence of the
Higgs boson, one should also keep in mind that there would also be quadratic-divergences
arising from the other scalars constituting the scalar spectrum of the model, therefore one
should also try to pin down those quadratic-divergences in a similar way like the Higgs
boson.
In this paper we aim to address the fine-tuning problem with two famous extensions of
SM, namely, the two Higgs doublet models (2HDMs) [12, 13] and the three Higgs doublet
models (3HDMs) [14–18]. We have considered four different types of 2HDM without tree-
level flavour changing neutral currents (FCNCs), i.e. type-I , type-II , lepton specific and
flipped 2HDMs. Besides we have also considered S3-symmetric 2HDM [19] and inert doublet
models [12] for the sake of completeness of discussion. Likewise A4-symmetric [14, 15, 18],
S4-symmetric [14, 18] and S3-symmetric 3HDMs [20, 21] have been considered as variants
of 3HDMs. In a nutshell our objectives are the following :
• Searching for the parameter spaces of the models compatible with the theoretical and
experimental constraints, which will be illustrated in detail in different sections.
• To identify the lightest neutral Higgs boson of each model with the 125 GeV SM Higgs
boson. Our primary concern is to cancel the quadratic divergence of the SM Higgs
boson by satisfying the Veltman condition to an appropriate degree.
• Once the Veltman condition for the SM Higgs boson is satisfied, with the same set
of model parameters we try to satisfy the same for the other physical scalars present.
If it is not possible, we try to fine-tune the tree-level mass term and the one-loop
correction term accordingly, so that the quadratic-divergences of the other physical
scalars remain under control.
The paper is structured as follows. In Section II we discuss all the model features including
various constraints imposed on the parameter space of different types of 2HDM and the
degree of compatibility with the Veltman conditions for various physical scalars in respective
models. Section III deals with the same for various types of 3HDMs. Finally we summarize
and conclude in Section IV.
3
II. TWO HIGGS DOUBLET MODELS
The 2HDM [12, 13] being one of the important extensions of Standard Model (SM), con-
tains an extra SU(2) doublet Φ2 having hypercharge Y = +1, apart from the SM Higgs
doublet Φ1. The scalar spectrum of 2HDM consists of five physical scalars, i.e. the light
Higgs h, the heavy Higgs H, the pseudoscalar Higgs A and two charged Higgs H±. If the
scalar potential of 2HDM is CP -conserving, then one can assign definite CP -properties to
the physical scalars, which makes the mass eigenstates identical with the CP -eigenstates. A
generic 2HDM scalar potential [12, 13] suffers from tree level FCNCs, which is alleviated us-
ing Glashow-Weinberg-Paschos (GWP) theorem [22, 23]. According to the theorem, quarks
of given charges receive their masses by coupling with any one of the two doublets. This can
be implemented by imposing Z2-symmetries on the scalars and fermions. Depending on the
discrete symmetries imposed, there can be four types of 2HDMs as follows :
1. Type-I, for which all fermions couple with Φ2 and none with Φ1 ;
2. Type-II, for which up-type quarks couple to Φ2 , down-type quarks and charged leptons
couple to Φ1;
3. Type Y (sometimes called Type-III or Flipped), for which up-type quarks and charged
leptons couple to Φ2 and down-type quarks couple to Φ1;
4. Type X (sometimes called Type-IV or Lepton-specific), for which all charged leptons
couple to Φ1 and all quarks couple to Φ2 ;
In the subsections that follow, we discuss the different variants of the 2HDM taken in this
study.
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A. 2HDM with CP -conserving potential
1. Scalar potential
The most general renormalizable scalar potential of 2HDM involving two Higgs doublets
Φ1 and Φ2 with hypercharge Y = +1 can be written as [12, 13],
V = m211Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 −m212
(
Φ†1Φ2 + Φ
†
2Φ1
)
+
1
2
λ1
(
Φ†1Φ1
)2
+
1
2
λ2
(
Φ†2Φ2
)2
+ λ3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+λ4
(
Φ†1Φ2
)(
Φ†2Φ1
)
+
1
2
λ5
[(
Φ†1Φ2
)2
+
(
Φ†2Φ1
)2]
λ6
(
Φ†1Φ1
) [
Φ†1Φ2 + Φ
†
2Φ1
]
+ λ7
(
Φ†2Φ2
) [
Φ†1Φ2 + Φ
†
2Φ1
]
. (4)
Where the doublets are parametrised as,
Φi =
1√
2
 √2w+i
vi + hi + izi
 , for i = 1, 2. (5)
Here m11,m22, λ1, λ2, λ3, λ4 are real and m12, λ5, λ6, λ7 can in principle be complex. With
real m12, λ5 and λ6, λ7 = 0, one can arrive at a CP -conserving potential [12, 13]. We shall
consider the CP -conserving potential of 2HDM throughout our analysis.
In this model, tan β is an important parameter and is defined by the ratio of the vacuum
expectation value (VEV) of two doublets, i.e. tan β = v2
v1
. The couplings λi’s can be
expressed in terms of the masses of the physical scalars, i.e. mh,mH ,mA,mH± and the
mixing angles α , β [24–26].
2. Constraints imposed
1. Stability conditions :
The requirement that the 2HDM potential must be bounded from below along any field
direction, leads to the following stability conditions connecting the quartic couplings
in the scalar potential [12, 13].
λ1, λ2 ≥ 0, (6a)
λ3 ≥ −
√
λ1λ2, (6b)
λ3 + λ4 − |λ5| ≥ −
√
λ1λ2 . (6c)
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2. Perturbativity and unitarity :
The upper limit on the quartic couplings (|λi| ≤ 4pi(i = 1, 2, ...5)) and Yukawa cou-
plings (|yi| ≤
√
4pi(i = t, b, τ)), makes the theory perturbative at the given scale [26].
The upper limits on the couplings are more constrained from unitarity requirements
of the theory as can be found in [26].
3. Oblique parameters and flavour constraints :
The additional contribution of 2HDM to S, T, U oblique parameters (∆S,∆T,∆U)
arises due to the presence of the additional scalars of the model in loops. Among all
these deviations, ∆T is most constrained and controls the mass splitting between the
charged Higgs and the neutral Heavy Higgs [13, 26]. We have used ∆T = 0.09± 0.13
in our analysis [27].
In 2HDMs without tree-level FCNCs, flavour constraints are not that significant, ex-
cept the radiative decay b → sγ, which gives a lower bound of 480 GeV (recently
uplifted to 580 GeV [28]) on the charged Higgs mass [29] . This bound holds for type-
II and flipped 2HDM only.
4. Alignment limit :
The parameter space is also compatible with the "alignment limit" at which one of
the Higgs mass eigenstates becomes identical with SM Higgs boson and the couplings
with gauge bosons and fermions become SM-like. We have tried to set β − α ∼ pi
2
throughout by imposing proper limits on cos(β − α).
5. Collider constraints :
The mixing angles α, β as well as different couplings are tightly constrained from the
measured signal strengths for different channels, which takes us close to the alignment
limit. 2σ allowed ranges for all the signal strengths have been used throughout our
analysis [30].
3. Veltman conditions for 2HDMs with CP -conserving potential
We split the VCs into bosonic and fermionic parts as
V CΦ = V C
B
Φ + V C
F
Φ . (7)
6
The functional forms of the bosonic part of the VCs are independent of the Z2 charges of
the component fields.
V CBh =
(
λ1sin2α + λ2cos2α + 2λ3 + λ4 − 3(λ6 + λ7)sin2α + 3
4
g21 +
9
4
g22
)
(8a)
V CBH =
(
λ1cos2α + λ2sin2α + 2λ3 + λ4 + 3(λ6 + λ7)sin2α +
3
4
g21 +
9
4
g22
)
(8b)
V CBA =
(
λ1sin2β + λ2cos2β + 2λ3 + λ4 + 3(λ6 + λ7)sin2β +
3
4
g21 +
9
4
g22
)
(8c)
V CBH± =
(
λ1sin2β + λ2cos2β + 2λ3 + λ4 + 3(λ6 + λ7)sin2β +
3
4
g21 +
9
4
g22
)
(8d)
The fermionic part of the VC of a scalar S(= h,H,A,H±) is given by
V CFS = −12
(mt
v
fSt
)2
− 12
(mb
v
fSb
)2
− 4
(mτ
v
fSτ
)2
(9)
For type-II 2HDM we have,
fht =
cosα
sin β
, fhb = −
sinα
cos β
, fhτ = −
sinα
cos β
. (10)
fSt , f
S
b , f
S
τ for the scalars other than h and for different types of 2HDM can be found in
reference [12].
B. S3-symmetric 2HDM
When an S3 symmetry is imposed on the quartic terms, the scalar potential takes a more
restrictive form as shown below:
V4(Φ1,Φ2) = λ1(Φ
†
1Φ1 + Φ
†
2Φ2)
2 + λ2(Φ
†
1Φ2 − Φ†2Φ1)2
+λ3
{
(Φ†1Φ2 + Φ
†
2Φ1)
2 + (Φ†1Φ1 − Φ†2Φ2)2
}
. (11)
The full potential can be written as,
V (Φ1,Φ2) = µ
2
1(Φ
†
1Φ1) + µ
2
2(Φ
†
2Φ2)− (µ212(Φ†1Φ2) + h.c.) + V4(Φ1,Φ2)
(12)
7
Note that in the µ12 = 0, µ11 = µ22 limit, the full scalar potential becomes invariant under
S3. Denoting tanβ = v2v1 , the squared scalar masses for this scenario are given by
m2h = 2(λ1 + λ3)v
2, (13)
m2H =
2µ212
sin2β
, (14)
m2A =
2µ212
sin2β
− 2(λ2 + λ3)v2, (15)
m2H± =
2µ212
sin2β
− 2λ3v2. (16)
One must however note that the tadpole equations ∂V
∂v1
= 0 = ∂V
∂v2
lead to the additional
condition tanβ = 1.
The following set of Yukawa interactions are invariant under the gauge and S3 symmetries.
L(u)Y = − au
(
Q1LΦ˜1 +Q2LΦ˜2
)
u3R − bu
{(
Q1LΦ˜2 +Q2LΦ˜1
)
u1R +
(
Q1LΦ˜1 −Q2LΦ˜2
)
u2R
}
− cuQ3L
(
Φ˜1u1R + Φ˜2u2R
)
+ h.c. (17)
where Φ˜i = iσ2Φ∗i .
Here Q1L, Q2L, Q3L are left-handed quark doublets, u1R, u2R, u3R are right-handed up-
type and down-type singlets. au, bu, cu are Yukawa couplings for up sector. Interactions
with the down-type quarks can be written similarly using the Yukawa couplings ad, bd and
cd and by replacing uiR by diR, i = 1, 2, 3 in Eq.(17).
This gives rise to the following mass matrix for the quarks (q = u, d).
Mq =
v√
2

bq sin β bq cos β aq cos β
bq cos β −bq sin β aq sin β
cq cos β cq sin β 0
 , (18)
Such a texture for Mq makes solving analytically for the eigenvalues difficult. A possible
way out is to opt for the approximation cq << aq, bq, and thereby split the mass matrix in
the following fashion
Mq = M
0
q +M
′
q, (19)
such that M ′q << M0q . Here,
M0q =
v√
2

bq sin β bq cos β aq cos β
bq cos β −bq sin β aq sin β
0 0 0
 , (20)
8
M ′q =
v√
2

0 0 0
0 0 0
cq cos β cq sin β 0
 (21)
The matrix M0q is non-hermitian and thus, can be brought to a diagonal form using a bi-
unitary transformation. However, one of its eigenvalues remains identically zero, thereby
making it impossible to reconstruct the quark mass hierarchy using M0q alone. One way
to resolve this is to treat M ′q as a perturbation to M0q and compute the correction to the
eigenvalues using first order (non-degenerate) perturbation theory. It turns out that the
zero eigenvalue shifts to −v
2
ac
a2+b2
.
The quark masses then can be uniquely reconstructed as mu(d) = 1√2vcu(d),mc(s) =
1√
2
vau(d),mt(b) =
1√
2
v
√
a2u(d) + b
2
u(d). This uniquely fixes au(d), bu(d) and cu(d). The VCs
in this case then take the following forms
V Ch,H = −10.8038 + 3
4
g21 +
9
4
g22 + 28λ1 − 5λ2 + 15λ3 ,
V CA = −10.8038 + 3
4
g21 +
9
4
g22 + 5.5λ1 − λ2 + 2.5λ3 ,
V CH± = −21.6076 + 3
4
g21 +
9
4
g22 + 11λ1 − 2λ2 + 4λ3 . (22)
C. Results
We describe the key features of our results in this subsection.
In the four canonical 2HDMs, it is not possible to put bounds on the individual masses
owing to the presence of the free parameter m12 (Eq.(4)). Since no fermions couple to Φ1
in type-I, the VCs of the non-standard scalars do not experience the necessary negative
fermionic contribution. The quartic couplings also cannot be appropriately negative since
this violates the stability conditions. Therefore, no viable parameter space exists in this case
that keeps quadratic divergence of all the scalars at a manageable level.
For type-II, the couplings of the b-quark with A,H,H± become comparable in size with
the corresponding t-Yukawa couplings for high tanβ. This gives a handle to control all the
VCs. The scan results can be seen in Fig.1, where the parameter points clearing the VC
constraints are plotted in the tanβ versus cos(β − α) plane for multiple values of r and Λ.
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FIG. 1: Allowed parameter spaces in the tanβ vs cos(β − α) planes for Λ = 2 TeV, 10 TeV and
r = 0.1, 0.2, 0.5 for type-II (upper panel) and flipped 2HDMs (lower panel). The colour coding is
explained in the legends. Here, for instance, r = 0.1 refers to |rφ| < 0.1.
For example, for Λ = 2 TeV and |rφ| < 0.1, we obtain 33 < tanβ < 43 and -0.005 <
cos(β − α) < 0.01. It is noted that the bound on cos(β − α) is stronger than what is
obtained by the imposition of the signal-strength constraints alone. The bounds get tighter
upon taking Λ = 10 TeV quite expectedly. The results for the flipped case are similar to
type-II, since their Yukawa couplings differ only through the τ . In the flipped case, the
allowed range of tanβ consequently is slightly shifted towards the higher side with respect
to the type-II range. One does not observe manageable quadratic divergences in the non-
standard masses in the Lepton-specific case. Relevant discussions on the radiative stability
of the 2HDM VCs are in [5].
All that is left to discuss in this section is the extent of fine-tuning achievable for the
IDM as well as the S3-symmetric 2HDM.
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FIG. 2: rH plotted versus mH for Λ = 2 TeV (green) and Λ = 10 TeV (red).
1. Results for IDM
In case of the IDM, the VC corresponding to the Z2-odd scalars H,A,H± does not carry
fermionic terms. Therefore, one has to rely on possible cancellations amongst the bosonic
terms themselves in order to have fine-tuning. It is found that the cancellations can at most
be partial. This is attributed not only to the stability constraints discussed in the previous
section, but also to the requirement of a vanishing Veltman coefficient for the 125 GeV Higgs.
We have fixed λ1 =
m2h
v2
and varied the other quartic couplings in the range |λ2|, |λ4|, |λ5| <
4pi, along with 0 < µ22 < 300 GeV. In addition, λ3 is chosen so as to make V Ch = 0. The
lowest V CH thus obtainable in this case is ' 9.1, thereby leading to δm2H ' (250 GeV)2 for
the cutoff at 1 TeV. Therefore, fine-tuning in the IDM fares worse compared to the type-II
2HDM for instance. This is only expected, keeping in mind the very non-democratic nature
of Yukawa interactions in this scenario. We define rΦ =
δm2Φ
m2Φ
, where, Φ refers to H,A,H±.
As shown in Fig.2, it becomes thus possible to restrict rΦ to small values by opting for larger
tree-level masses. Also, in absence of complete cancellation of the VCs in the inert sector,
increasing the cutoff Λ only worsens the fine-tuning.
2. Results for S3-symmetric 2HDM
The Yukawa couplings of this model being completely fixed by the quark masses, the
fermionic contributions to the Veltman coefficients in Eq.(22) are fixed for the particular
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choice of tan β we have made, i.e. tan β = 1. We have scanned over λ1 and µ212 within the
following ranges :
0.0 < λ1 < 1.0, 0.0 GeV
2 < µ212 < 10
6 GeV2 . (23)
Given the SM Higgs mass mh = 125 GeV, λ3 has been fixed using Eq.(13). λ2 has been
chosen in such a way that the Veltman conditions for the SM Higgs boson and the Heavy
Higgs boson (since the Veltman conditions for h and H are same) are satisfied exactly.
With this set of parameters satisfying the Veltman condition for SM Higgs boson and
Heavy Higgs, it is not possible to satisfy the Veltman conditions for pseudoscalar Higgs A
and charged Higgs H± simultaneously. For these two mass eigenstates, we adjust the ratio
rΦ for a fixed value of Λ = 1 TeV, mentioned in IIC 1, so that
δm2Φ
m2Φ
< 1 , where Φ = A,H±
in this context. The minimum value of rΦ required to satisfy all other constraints is 0.1 at
Λ = 1 TeV. Increasing the value of rΦ will enhance the parameter space. With increasing Λ,
minimum value of rΦ which is required to comply with the existing constraints, increases.
To conclude this section, we remark that the type-II and flipped 2HDM to be most
favourable from the point of view of Higgs mass fine-tuning, amongst the cases considered
here. As highlighted before, the key to these findings lies in the Yukawa interactions . Hence,
an interesting task would be to probe fine-tuning in a 2HDM with a more generic Yukawa
structure, modulo constraints from flavour physics.
III. THREE HIGGS DOUBLET MODELS
We now move on to the next simplest example, i.e. the 3HDMs [31] in order to address the
fine-tuning problem. The main motivation of the 3HDMs is that the three fermion families
can be connected with the three scalar doublets through appropriate symmetries so that the
observed pattern of the fermion masses and mixings is reproduced. In addition, the scalar
sector of a 3HDM is richer than compared to a 2HDM. The additional quartic couplings
present in the former can lead to interesting constraints vis-a-vis fine-tuning. With all
possible finite symmetries being clearly identified in 3HDMs [17], the flavour problem can
also be addressed by this extension. The classification of 3HDMs can be made in terms
of all possible continuous and discrete abelian symmetries as well as all possible discrete
non-abelian symmetries [31].
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The present study contains 3HDMs with the discrete symmetries A4, S4 and S3 described
in the following subsections. With these types of 3HDMs, we shall explore the degree of
satisfaction of the Veltman conditions corresponding to the different scalars of the 3HDM.
A. A4-symmetric 3HDM
1. Potential of A4-symmetric 3HDM
A4-symmetric 3HDM scalar potential can be written as [16, 18],
V (Φ) = −M0√
3
(
Φ†1Φ1 + Φ
†
2Φ2 + Φ
†
3Φ3
)
+
λ0
3
(
Φ†1Φ1 + Φ
†
2Φ2 + Φ
†
3Φ3
)2
+
λ3
3
[
(
Φ†1Φ1
)2
+
(
Φ†2Φ2
)2
+
(
Φ†3Φ3
)2
−
(
Φ†1Φ1
)(
Φ†2Φ2
)
−
(
Φ†2Φ2
)(
Φ†3Φ3
)
−
(
Φ†3Φ3
)(
Φ†1Φ1
)
]
+λ1
[(
Re
(
Φ†1Φ2
))2
+
(
Re
(
Φ†2Φ3
))2
+
(
Re
(
Φ†3Φ1
))2]
+λ2
[(
Im
(
Φ†1Φ2
))2
+
(
Im
(
Φ†2Φ3
))2
+
(
Im
(
Φ†3Φ1
))2]
+λ4[
(
Re
(
Φ†1Φ2
))(
Im
(
Φ†1Φ2
))
+
(
Re
(
Φ†2Φ3
))(
Im
(
Φ†2Φ3
))
+
(
Re
(
Φ†3Φ1
))(
Im
(
Φ†3Φ1
))
] . (24)
where each doublet is defined as,
Φi =
 w+i
(hi+vi+izi)√
2
 , i = 1, 2, 3 (25)
Here the parameters M0, Λi are generic real parameters. The potential mentioned above
possesses an A4-symmetry, i.e. invariant under the cyclic permutation of three doublets
Φ1,Φ2,Φ3. In addition, the potential is also symmetric under independent sign flips of the
individual doublets and specific type of generalised CP transformation. Thus as a whole
the potential is symmetric under a larger group, i.e. A4 × Z2.
Possible VEV structures of A4-symmetric potential which aid global minima are [14],
• v(1, 0, 0)
• v(1, 1, 1)
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• v(±1, η, η∗) with η = e ipi3
• v(1, eiα, 0) for an arbitrary α.
Amongst the above, the first and fourth cases do not lead to non-zero fermion masses for
all three generations, and thus, are not phenomenologically viable. In addition, we also do
not invoke spontaneous CP−violation in our analysis and thus, we do not take this case
for further consideration. This leaves us the second VEV configuration i.e. v(1, 1, 1) to
illustrate our results. We write down the corresponding Yukawa Lagrangian in the following
subsection.
The basis transformation laws between the flavour eigenstates (the left-hand side of the
equations below) and mass eigenstates (the right-hand side of the equations below) of the
scalars are given below,
h1(z1)
h2(z2)
h3(z3)
 =

1√
3
1√
3
1√
3
1√
2
0 − 1√
2
1√
6
− 2√
6
1√
6


h(A3)
H1(A1)
H2(A2)
 (26)
The physical scalar spectrum of A4-symmetric 3HDM consists of three neutral scalars
h,H1, H2 (lighter mass eigenstate h identified as Standard Model Higgs boson with mass
125 GeV), two pseudoscalars A1, A2 and two charged scalars H+1 , H
+
2 . Mass squared of these
physical states can be expressed in terms of the couplings λi’s of the scalar potential and
VEV v = 246 GeV as,
m2h =
2
3
(λ0 + λ1)v
2 ,
m2H1/H2 =
1
3
(−λ1 + λ3)v2 ,
m2A1/A2 =
1
3
(−λ1 + λ2)v2 ,
m2
H+1
=
1
12
(−6λ1 −
√
3λ4)v
2 ,
m2
H+2
=
1
12
(−6λ1 +
√
3λ4)v
2 . (27)
The scalars in the mass basis are related to the ones in the gauge basis as
w+1
w+2
w+3
 =

1 1 1
(−
√
3
6
− i
2
) (−
√
3
6
+ i
2
) 1√
3
(−
√
3
6
+ i
2
) (−
√
3
6
− i
2
) 1√
3


H+3
H+1
H+2
 (28)
A3 and H+3 above are identified as neutral and charged Goldstone bosons.
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2. Yukawa Lagrangian for the VEV configuration v(1, 1, 1)
Since three doublets are taken to be in a triplet representation 3, to make the Yukawa
Lagrangian in the invariant singlet representation 1, left-handed fermions and the right-
handed fermions should belong to triplet representation 3 and singlet representation 1.
This is one of the several choices as mentioned in [14] and we shall follow this configuration
to construct Yukawa Lagrangian.
Product of two triplets x = (x1, x2, x3) and y = (y1, y2, y3) gives singlet representation 1,
1’, 1" as,
(x⊗ y)1 = x1y1 + x2y2 + x3y3
(x⊗ y)1′ = x1y1 + ω2x2y2 + ωx3y3
(x⊗ y)1” = x1y1 + ωx2y2 + ω2x3y3 (29)
Thus combining left-handed fermions in the triplet representation 3, three Higgs dou-
blets in the triplet representation 3, right-handed fermions in the singlet representation 1
and adopting the VEV structure v(1, 1, 1), one can write down the A4-symmetric Yukawa
Lagrangian providing non-zero and non-vanishing quark masses as follows [14],
LY ukawa = α1(Q1LΦ˜1 +Q2LΦ˜2 +Q3LΦ˜3)u1R + α2(Q1LΦ˜1 + ω Q2LΦ˜2 + ω2 Q3LΦ˜3)u2R
+α3(Q1LΦ˜1 + ω
2 Q2LΦ˜2 + ω Q3LΦ˜3)u3R + β1(Q1LΦ1 +Q2LΦ2 +Q3LΦ3)d1R
+β2(Q1LΦ1 + ω Q2LΦ2 + ω
2 Q3LΦ3)d2R + β3(Q1LΦ1 + ω
2 Q2LΦ2 + w Q3LΦ3)d3R
+h.c. , (30)
with ω = e
2ipi
3 , Φ˜i = iσ2Φ∗i .
Here Q1L, Q2L, Q3L are left-handed quark doublets, u1R, u2R, u3R, d1R, d2R, d3R are right-
handed up-type and down-type singlets. [α1, α2, α3], [β1, β2, β3] are Yukawa couplings for
up-type and down-type sectors respectively.
Left-handed and right-handed up-type and down-type fermions are transformed from
their flavour eigenstates to mass eigenstates following the transformation rules given below.

u1L/R(d1L/R)
u2L/R(d2L/R)
u3L/R(d3L/R)
 = UL/R(VL/R)

uL/R(dL/R)
cL/R(sL/R)
tL/R(bL/R)
 (31)
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Electroweak symmetry breaking gives rise to the mass matrix in the up-type quark sector,
Mu =
1√
6

vα1 vα1 vα1
vα2 (−12 + i
√
3
2
)vα2 (−12 − i
√
3
2
)vα2
vα3 (−12 − i
√
3
2
)vα3 (−12 + i
√
3
2
)vα3
 (32)
Similarly mass matrix Md can be written for the down-type sector by replacing αi’s with
βi’s in Eq.(32). Mu(Md) can be diagonalised by bi-unitary transformations to give quark
masses as,
Mdiagu = U
−1
L MuUR , M
diag
d = V
−1
L MdVR . (33)
where,
UL(VL) =

1 0 0
0 1 0
0 0 1
 , UR(VR) =

1√
3
1
2
√
3
(−1− i√3) 1
2
√
3
(−1 + i√3)
1√
3
1
2
√
3
(−1 + i√3) 1
2
√
3
(−1− i√3)
1√
3
1√
3
1√
3
 (34)
This will yield quark masses as a function of αi’s as given below, apart from a phase factor
which can be absorbed.
mu =
vα1√
2
,mc =
vα2√
2
,mt =
vα3√
2
. (35a)
md =
vβ1√
2
,ms =
vβ2√
2
,mb =
vβ3√
2
. (35b)
Thus α1, α2, α3, β1, β2, β3 are not free parameters, but get fixed by the quark masses as seen
in Eq.(35).
3. Veltman conditions
In this section we introduce the Veltman coefficients (mentioned in the Introduction)
for the mass eigenstates of this model. As shown in the Section II, Veltman coefficient of
each physical state consists of bosonic (all with positive sign) and fermionic (all with extra
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negative sign due to fermionic trace) contributions as given below,
V Ch =
14λ0
3
+ λ1 + λ2 +
2λ3
3
+
3
4
g21 +
9
4
g22 − 2α12 − 2α22 − 2α32 − 2β12 − 2β22
−2β32
V CH1 =
14λ0
3
+ λ1 + λ2 +
2λ3
3
+
3
4
g21 +
9
4
g22
V CH2 =
14λ0
3
+ λ1 + λ2 +
2λ3
3
+
3
4
g21 +
9
4
g22 − α12 − α22 − α32 − β12 − β22 − β32
V CA1 =
14λ0
3
+ λ1 + λ2 +
2λ3
3
+
3
4
g21 +
9
4
g22
V CA2 =
14λ0
3
+ λ1 + λ2 +
2λ3
3
+
3
4
g21 +
9
4
g22 − α12 − α22 − α32 − β12 − β22 − β32
V CH1± =
14λ0
3
+ λ1 + λ2 +
2λ3
3
+
3
4
g21 +
9
4
g22 − 4α12 − 4α22 − 4α32 − 4β12 − 4β22
−4β32
V CH2± =
14λ0
3
+ λ1 + λ2 +
2λ3
3
+
3
4
g21 +
9
4
g22 − 4α12 − 4α22 − 4α32 − 4β12 − 4β22
−4β32 (36)
Quadratically divergent self-energy corrections can be written as,
δm2Φ =
Λ2
16pi2
V CΦ , (37)
for Φ denoting h,H1, H2, A1, A2, H1±, H2±.
The A4-symmetry of the Lagrangian forces all the bosonic contributions to the Veltman
coefficients to be identical as can be seen from Eq.(36). After introducing the fermionic
contributions, they are slightly different, but still some of them look alike : [V CH1 , V CA1 ],
[V CH2 , V CA2 ], [V CH1± , V CH2± ]. V CH1 , V CA1 do not have any fermionic contributions since
they get cancelled.
4. Constraints and analysis
Our next task is to find out the optimally allowed parameter space compatible with some
theoretical constraints given below.
1. Perturbativity :
We have varied λi’s within a narrow range as mentioned below, so that the perturba-
tivity condition ( |λi| ≤ 4pi, i = 0, 1, 2, ...4.) is satisfied automatically. The perturbative
17
upper bound for the Yukawa couplings are |yi| ≤
√
4pi [26], which is more conservative
but are clearly satisfied in our case, where Yukawa couplings are completely fixed by
the masses of the quarks (Eq.(35)).
0.0 ≤ λ0 ≤ 1.0 ,
−1.0 ≤ λ1, λ2, λ3, λ4 ≤ 1.0 . (38)
2. Stability conditions :
The requirement that the potential must remain positive (bounded from below) along
various directions in the field space in the limit φi → ∞, gives rise to the following
stability conditions for A4-symmetric 3HDMs.
λ0 + λ3 ≥ 0 ,
λ0 + λ3 + 3λ1 ≥ 0 ,
λ0 + λ3 − 3λ2 ≥ 0 ,
λ0 + λ3 ≥ 0 . (39)
3. h should be identified with the Standard Model Higgs boson, we have varied Higgs
mass mh within (125.0± 2.0) GeV.
As mentioned earlier, our main focus would be to adjust the bosonic and fermionic contri-
butions in Veltman coefficient of SM Higgs (V Ch) in such a way that the Veltman condition
is enforced either strictly by making V Ch = 0 or make V Ch as tiny as possible so as to have
negligible quadratic divergence. Besides we shall also try to adjust the quadratic divergences
originating from the other physical scalars to remain within manageable levels. For this pur-
pose we impose the theoretical constraints discussed in the Sec.IIIA 4 and obtain an optimal
parameter space spanned by the model parameters. Following are our main observations :
• Since the Yukawa couplings αi’s and βi’s are fixed by the up-type and down-type quark
masses, except α3 and β3 rest of them are tiny and their contributions become more
negligible when they appear as squared term in the Veltman coefficients. Thus it is
impossible for the fermionic contributions to cancel the bosonic contributions exactly,
and the dominance of bosonic contribution over the fermionic counter part results in
a positive Veltman coefficient V Ch.
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• Since it is not possible to enforce Veltman condition strictly for h, we try to fine-tune
the ratio rh =
δm2h
m2h
defined in Sec. II C 1, and claim that the Veltman coefficient V Ch
will be adjusted accordingly, so that δm2h < m2h condition is satisfied. For Λ = 1 TeV,
we have set the lowest value of rh ≈ 0.68 to satisfy the condition for h only.
• V CH1 , V CA1 contains only bosonic part, g1, g2 being always positive, to achieve exactly
zero Veltman coefficient large negative values of scalar couplings are needed, which is
forbidden by the stability conditions given in Eq.(39) since it makes the potential
unbounded from below.
• We have checked that it is also difficult to satisfy the Veltman condition exactly
for H2(A2) and H±1 (H
±
2 ) due to the same reason mentioned in case of V Ch. If we
adopt the same prescription as described in point 2, define the ratio rΦ for all the
physical scalars other than h and want to abide by the relation δm2Φ < m2Φ for
Φ = H1, H2, A1, A2, H1
±, H2±, it can be seen that it is impossible to fine-tune the
ratio for these scalars simultaneously. Thus for h only, the quadratically divergent
correction term can be adjusted to be tiny by tuning the ratio rΦ accordingly.
B. S4-symmetric 3HDM
We would like to make a comment regarding the S4-symmetric 3HDM which we exclude
from our analysis.
The scalar potential of S4-symmetric 3HDM can be written by putting λ4 = 0 in Eq.(24)
as [16, 18],
V (φ) = −M0√
3
(
Φ†1Φ1 + Φ
†
2Φ2 + Φ
†
3Φ3
)
+
λ0
3
(
Φ†1Φ1 + Φ
†
2Φ2 + Φ
†
3Φ3
)2
+
λ3
3
[
(
Φ†1Φ1
)2
+
(
Φ†2Φ2
)2
+
(
Φ†3Φ3
)2
−
(
Φ†1Φ1
)(
Φ†2Φ2
)
−
(
Φ†2Φ2
)(
Φ†3Φ3
)
−
(
Φ†3Φ3
)(
Φ†1Φ1
)
]
+λ1
[(
Re
(
Φ†1Φ2
))2
+
(
Re
(
Φ†2Φ3
))2
+
(
Re
(
Φ†3Φ1
))2]
+λ2
[(
Im
(
Φ†1Φ2
))2
+
(
Im
(
Φ†2Φ3
))2
+
(
Im
(
Φ†3Φ1
))2]
. (40)
In reference [14] full mass spectrum of quarks for different VEV configurations like
v(1, 0, 0), v(1, 1, 1), v(1, η, η∗), v(1, i, 0) are given in detail. It can be seen that these VEV
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configurations either give one or more vanishing quark masses, or degenerate quark masses,
which is unphysical. That’s why we shall not consider this model for our study anymore.
C. S3-symmetric 3HDM
1. Model details and Veltman coefficients
This is yet another variant of the 3HDM that is symmetric under the discrete group S3.
The scalar potential is given by:
V (φ) = µ211
(
Φ†1Φ1 + Φ
†
2Φ2
)
+ µ233Φ
†
3Φ3 + λ1
(
Φ†1Φ1 + Φ
†
2Φ2
)2
+λ2
(
Φ†1Φ2 − Φ†2Φ1
)2
+ λ3
[(
Φ†1Φ2 + Φ
†
2Φ1
)2
+
(
Φ†1Φ1 − Φ†2Φ2
)2]
+λ4
[(
Φ†3Φ1
)(
Φ†1Φ2 + Φ
†
2Φ1
)
+
(
Φ†3Φ2
)(
Φ†1Φ1 − Φ†2Φ2
)
+ h.c.
]
+λ5
(
Φ†3Φ3
)(
Φ†1Φ1 + Φ
†
2Φ2
)
+ λ6
[(
Φ†3Φ1
)(
Φ†1Φ3
)
+
(
Φ†3Φ2
)(
Φ†2Φ3
)]
+λ7
[(
Φ†3Φ1
)(
Φ†3Φ1
)
+
(
Φ†3Φ2
)(
Φ†3Φ2
)
+ h.c.
]
+ λ8
(
Φ†3Φ3
)2
, (41)
We choose all the quartic couplings to be real to annul CP−violation coming from the scalar
sector. Similar to the A4-symmetric case, the scalar potential in Eq.(41) permits multiple
alignment of the VEVs v1, v2, v3 [21]. The ones we take up for our illustration are
case(a) : v1, v2, v3 6= 0 : v1 =
√
3v2 (42a)
case(b) : v1 = v2 = 0; v3 = 246GeV. (42b)
For case (a), tanβ = 2v2
v3
is defined.
Similar to a 2HDM, the scalar mass matrices here are diagonalised by the action of the
mixing angles α and β. The physical spectrum consists of h,H1,2, A1,2, H±1,2, whose charge
and CP -quantum numbers are same as in the A4-symmetric case. Of these, h is identified
with the 125 GeV Higgs. In addition one identifies α = β − pi
2
as the alignment limit,
analogously with the 2HDM, where couplings of h with fermions and gauge bosons become
SM-like. The masses of the physical Higgses and the details of the diagonalisation can be
seen in [21] and thus, are not repeated here.
Assuming that the first two fermion generations are S3 doublets and the third generation
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is a singlet under the same, leads to the following Yukawa Lagrangian, for the u-quarks:
L(u)Y = −y1u(Q1Φ˜3u1R +Q2Φ˜3u2R)− y2u[(Q1Φ˜2 +Q2Φ˜1)u1R + (Q1Φ˜1 −Q2Φ˜2)u2R]
−y3uQ3Φ˜3u3R − y4uQ3(Φ˜1u1R + Φ˜2u2R)− y5u(Q1Φ˜1 +Q2Φ˜2)u3R + h.c. (43)
The corresponding Lagrangian for the d-quarks and the charged leptons can be found by a
straightforward replacement of the fermion indices and by changing Φ˜→ Φ.
In this limit, the flavour basis (u1, u2, u3) is related to the mass eigenbasis (u, c, t) as
u1
u2
u3
 =

1
2
√
3
2
0
−
√
3
2
1
2
0
0 0 1


u
c
t
 (44)
This allows us to determine the couplings between the quarks and the Higgs bosons in their
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respective mass bases. We list the VCs corresponding to the case (a) of Eq.(42a) below.
V CH2 =
1
8
(2(37λ1 − 8λ2 + 19λ3 + 4(2λ5 + λ6 − 6(y22u + y22d))) + 4
√
3 cos β(λ1 + λ3)
+6 cos 2β(λ3 − λ1)− 3λ4 sin 2β) + 3
4
g21 +
9
4
g22
V Ch =
1
16
(cos 2α(2
√
3 cos β(2λ1 − 2λ3 − λ5) + 3 cos 2β(λ5 − 2(λ1 + λ3)) + 3
4
g21 +
9
4
g22
+74λ1 − 16λ2 + 26λ3 − 13λ5 − 8(λ6 + 6(λ8 − 2y21u − 2y21d + 2y22u + 2y22d
−y23u − y23d))) + 2 cos β(
√
3(2λ1 − 2λ3 + 2λ4 sin(2α) + λ5)− 3 sin 2α sin β(λ6 + 2λ7))
−3 cos 2β(2(λ1 + λ3) + λ5) + 74λ1 − 16λ2 + 26λ3 + 6λ4 cos2 α sin 2β
+12λ4 sin 2α cos
2 β + 45λ5 + 24(λ6 + 2λ8 − 4y21u − 4y21d
−4y22u − 4y22d − 2y23u − 2y23d))
V CH1 =
1
16
cos 2α(2
√
3 cos β(−2λ1 + 2λ3 + λ5) + cos 2β(6(λ1 + λ3)− 3λ5)
−74λ1 + 16λ2 − 26λ3 − 3λ4 sin 2β + 13λ5 + 8(λ6 + 6(λ8 − 2y21u − 2y21d + 2y22u
+2y22d − y23u − y23d))) + 2
√
3 cos(β)(2λ1 − 2λ3 + λ5)
−3 cos 2β(2(λ1 + λ3) + λ5) + 74λ1 − 16λ2 + 26λ3 + 3λ4 sin 2β
+2 sin 2α cos β(3 sin β(λ6 + 2λ7)
−2λ4(3 cos β +
√
3)) + 45λ5 + 24(λ6 + 2λ8 − 4y21u − 4y21d − 4y22u
−4y22d − 2y23u − 2y23d)) +
3
4
g21 +
9
4
g22
V CA2 =
1
32
(8 cos 2β(18λ1 − 4λ2 + 6λ3 − 4λ5 − 2λ6 − 13λ8 + 12(2y21u + 2y21d
−2y22u − 2y22d + y23u + y23d)) + 2
√
3 cos β(6λ1 − 6λ3 + 4λ4 sin(2β) + λ5)
+2
√
3 cos(3β)(2λ1 − 2λ3 − λ5) + cos(4β)(8λ1 + 8λ3 − 11(λ5 + λ6 + 2λ7)
+14λ8) + 136λ1 − 32λ2 + 40λ3 + 10λ4 sin(2β)
−19λ4 sin 4β + 91λ5 + 43λ6 − 2(5λ7 − 45λ8 + 48(2y21u + 2y21d + 2y22u
+2y22d + y
2
3u + y
2
3d))) +
3
4
g21 +
9
4
g22
V CA1 =
1
8
(2(37λ1 − 8λ2 + 19λ3 + 4(2λ5 + λ6 − 12(y22u + y22d)))
+4
√
3 cos β(λ1 + λ3) + 6 cos 2β(λ3 − λ1)− 3λ4 sin(2β)) + 3
4
g21 +
9
4
g22
(45a)
22
V CH±2 =
1
32
(4 cos 2β(7λ1 + λ2 + 4λ3 − 14λ5 − 7λ6 − 24(λ8 − 2y21u
+4(−y21d + y22u + y22d))) + 2
√
3 cos β(−3λ1 + 3λ2 + 2λ4 sin 2β + λ5 + λ6)
−2
√
3 cos 3β(λ1 − λ2 + λ5 + λ6) + 3 cos 4β(−λ1 + λ2 + 2(λ5 + λ6)) + 31λ1
+λ2 + 2(8λ3 + 3(11λ5 + 5λ6 + 16(λ8 − 2(y21u + 2(y21d + y22u + y22d)))))
+96λ4 sin(β) cos
3(β) + 192y1uy2u sin(2β)) +
3
4
g21 +
9
4
g22
V CH±1 =
1
32
(2
√
3 cos(β)(29λ1 − 5λ2 + 8λ3 − 30λ4 sin(2β) + 17λ5 + 13λ6)
+3 cos 2β(−39λ1 + 43λ2 + 4(λ3 + 4(λ5 + λ6))) + 6
√
3 cos 3β(−3λ1 + 3λ2 + λ5 + λ6)
+299λ1 − 127λ2 + 44λ3 − 216λ4 sin 2β + 16(7λ5 + 5λ6 − 48(y22u + y22d)))
+
3
4
g21 +
9
4
g22 . (45b)
The inert case of the S3-symmetric 3HDM can describe DM phenomenology successfully
when a Z2-symmetry is imposed that demands Φ1,2 to carry negative Z2 charges and all
other fields to carry positive charges [20]. In this case therefore, fermions are forbidden to
couple to Φ1,2. Accordingly, the VCs for h and S = H1,2, A1,2, Hpm1,2 have the following
forms:
V Ch = 4λ5 + 2λ6 + 6λ8 +
3
4
g21 +
9
4
g22 − 6y2t (46a)
V CS = 10λ1 − 2λ2 + 4λ3 + 2λ5 + λ6 + 3
4
g21 +
9
4
g22 (46b)
2. Analysis and results
The masses of the physical scalars and the mixing angles α and β are taken as the
independent parameters in this part. We choose mh = 125 GeV and vary the rest of the
parameters in the following ranges:
−0.4 ≤ cos(β − α) ≤ 0.4, 0.1 < tanβ < 50 (47a)
100 GeV < mA1,2 ,mH±1,2 < 1 TeV, mh < mH1,2 < 1 TeV (47b)
We ensure the model remains perturbative by demanding |λi| ≤ 4pi throughout. The scalar
potential must be bounded from below in all directions in order to preserve the stability of
the EW vacuum, and thus, appropriate stability conditions [21] were imposed. In addition,
unitarity of gauge-boson scattering was obeyed by requiring that the eigenvalues of the 2→ 2
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scalar scattering matrix do not exceed 8pi. Much like the previous sections, V Ch = 0 was
demanded for the entire parameter space.
In the case where v1, v2, v3 6= 0, we find it possible to fine-tune the VCs corresponding to
H1, H2 and A2 to an O(0.01). However, the ones for the remaining scalars take larger values.
More precisely, the parameter space leading to V CH1,2 , V CA1 ' O(0.01) gives V CA2 '
−50, V CH±1 ' −50 and V CH±2 ' 50. Hence, a partial fine-tuning can be achieved in this
model. However, demanding even such a partial fine-tuning can put stringent constraints
on the masses and the mixing angles. Similar to what was done in case of the 2HDMs, we
present the allowed ranges of the scalar masses and cos(β − α) for Λ = 2 TeV and 10 TeV
and r = 0.1 and 0.5, in Fig.3.
The scan results shown in Fig.3 point to an important difference between the findings
corresponding to a 2HDM and the S3 symmetric 3HDM. That is, strict upper bounds on
the masses appear in case of the latter. For instance, H1 and A1 cannot have masses ex-
ceeding 250 GeV. Besides, H2 must have a mass in the [400 GeV, 520 GeV] range. This
particular feature of the spectrum is direct consequence of demanding small VCs for these
scalars. Moreover, tanβ becomes ∼ 3, which in turn restricts the quark couplings of the
non-standard scalars. Altogether, a constrained mass spectrum and appropriately restricted
quark couplings is an attractive scenario to be probed at the colliders. For instance, pro-
duction of the S3 scalars and their decay to quarks can lead to interesting multi-jet signals
that can verify or falsify this model.
The results in case where Φ2 and Φ3 remain inert, qualitatively resemble those in case of
the IDM. This is again because the inert scalars do not couple to the fermions in this case.
Large contributions to δm2S are noted in this case, where, S denotes the inert scalars. The
lowest value of the corresponding VC is ' 2.8. Therefore, this scenario is still somewhat
better than the IDM quantitatively. Defining rS =
δm2S
m2S
as usual, we display the variation of
rH versus mH in Fig.4. The behaviour of the other rS are similar. The slight improvement
with respect to the IDM noted here can be traced back to the negative sign of the coefficient
of λ2 in V CS (Eq.(46a)), which is obviously an artifact of the S3-symmetry.
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FIG. 3: Allowed parameter spaces in the tanβ vs scalar mass and tanβ vs cos(β − α) planes for
Λ = 2, 10 TeV and r = 0.1, 0.5. The colour coding is explained in the legends.
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IV. SUMMARY AND CONCLUSIONS
The scalar mass not being protected by any symmetry, receives quadratically divergent
correction term originating from the self-energy diagrams. Assuming the presence of some
yet-to-be discovered symmetry protecting the scalar mass and no fine-tuning between the
bare mass and corresponding radiative correction, one can set the quadratic divergence to
be exactly equal to zero or keep it at some manageable level. It leads to the well known
Veltman condition.
In this paper, the fine-tuning problem of Higgs mass has been addressed in light of
various multi-Higgs doublet models, i.e. two Higgs doublet models, three Higgs doublet
models etc. With the objective to cancel the quadratic divergent radiative correction to
the scalar mass, we have tried to satisfy the Veltman conditions for all the physical scalars
present in the model. The parameter space being compatible with several constraints like :
stability conditions, unitarity, perturbativity, alignment limit etc, it has been found that it
is not possible to satisfy the Veltman conditions for all the physical scalars simultaneously.
Thus we aim to satisfy the Veltman condition exactly for the SM Higgs atleast and try to
keep the quadratic divergences for the other scalars within manageable limit.
During the analysis with 2HDMs, we have used type-I, type-II, lepton specific, flipped,
S3-symmetric, inert doublet models for completeness of discussion. Similarly in case of
3HDM, the variants are A4-symmetric, S4-symmetric and S3-symmetric 3HDMs. Following
are our main observations :
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• Out of the four canonical 2HDMs, the type II and flipped models are most attractive
from the perspective of fine-tuning. This leads to tight bounds on tanβ and cos(β−α)
in these two cases.
• Since in IDM the physical scalars other than h do not contain the fermionic contribu-
tion in their Veltman conditions, it is not possible to satisfy it only through cancellation
among the terms present from the bosonic contribution alone. For the other scalars,
we have tried to adjust the ratio rΦ to make the correction as small as possible.
• For S3-symmetric 2HDM, Veltman condition for SM Higgs and Heavy Higgs can be
satisfied exactly by adjusting the model parameters. Whereas for the other scalars,
smaller degree of fine-tuning (larger rΦ) is required for increasing Λ to keep the cor-
rection tiny.
• In A4-symmetric 3HDM, Veltman condition for h,H2(A2), H±1 (H±2 ) cannot be satisfied
exactly due to the dominance of bosonic contribution over the fermionic one. On the
other hand the Veltman conditions for H1 and A1 are far from being satisfied since
V CH1 , V CA1 do not contain any fermionic contribution to cancel the bosonic one. The
Quadratic divergence of h is kept in control by adjusting the minimum value of the
ratio rh = 0.68 for Λ = 1 TeV.
• The S4-symmetric 3HDM seems to be unfavoured due presence of one or more van-
ishing quark masses or degenerate quark masses. Therefore it is excluded from our
discussion.
• One observes partial fine-tuning in the masses of S3-symmetric scalars when all the
doublets receive VEVs. It becomes possible to keep the quadratic divergences in the
masses of the CP -even neutral scalars and one of the CP− odd scalars at a manageable
level. Unlike the 2HDM, upper bounds on the scalar masses are obtained by virtue
of fine-tuning. For the inert case, the quadratic divergences in the masses of the non-
standard scalars cannot be controlled. However, this scenario fares slightly better than
the IDM quantitatively.
Therefore, we observe that an utility of these multi-Higgs doublet models lies in the
very fact that the quadratic divergence in the mass of the observed scalar boson of mass
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125 GeV can be controlled, or, exactly annulled. Adopting this top-down approach one
can evade the fine-tuning problem of Higgs mass as well as the other physical scalar mass
without the application of any specific symmetry. Whenever the Veltman condition cannot
be satisfied, the radiative correction is kept under control by proper tuning of the bare mass
and correction term, i.e. by adjusting rΦ, depending on the cutoff scale Λ.
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